Noradrenaline (NA) stimulated the release of arachidonic acid (AA) from the [3H]AA-labelled rabbit platelets via a2-adrenergic receptors, since the effect of NA was inhibited by yohimbine. The stimulatory effect of NA in digitoninpermeabilized platelets was completely dependent on the simultaneous presence of GTP and Ca2+. The NA-and thrombin-stimulated releases of AA were markedly decreased by the prior ADP-ribosylation of the permeabilized platelets with pertussis toxin. Antiserum directed against the pig brain G. (a GTP-binding protein of unknown function), recognizing both a39 and ?35 36 subunits, but not a4W, of pig brain, reacted with 41 kDa and 40 kDa bands, with not one of 39 kDa, in rabbit platelet membranes. Anti-GO antiserum inhibited guanosine 5'-[y-thio]triphosphate-, AlF4--, NA-and thrombin-stimulated AA releases in the membranes. Although the effect of thrombin was inhibited by low concentrations of anti-GO antiserum, high concentrations of the antiserum was needed for inhibition of the NA effect. Antiserum directed against the pig brain G, (inhibitory G-protein), recognizing both 41 and 635,36 subunits, but not a395 of pig brain, reacted with the 41 kDa band in platelets. Anti-G, antiserum inhibited only the effect of NA. Reconstitution of the platelet membranes ADP-ribosylated by pertussis toxin with GO, not Gi, purified from pig brain restored the thrombin-stimulated release of AA. In contrast, reconstitution of those membranes with Gg, not Go, restored the NA-stimulated release of AA. These results indicate that different GTP-binding proteins, G1-and GO-like proteins, may be involved in the mechanism of signal transduction from z2-adrenergic receptors and thrombin receptors to phospholipase A2 in rabbit platelets.
INTRODUCTION
Platelets undergo aggregation and secretion ofgranule contents after exposure to adrenaline or noradrenaline (NA). This effect is blocked by a2-adrenergic antagonists such as yohimbine, and therefore is assumed to involve the a2-adrenergic receptor (Sweatt et al., 1985 (Sweatt et al., , 1986a Banga et al., 1986) . a2-Receptor stimulants and thrombin are shown to cause activation of phospholipase A2 by a pathway involving Na+/H+ exchange (Sweatt et al., 1985 (Sweatt et al., , 1986a and to cause inhibition of adenylate cyclase by a pathway involving Gp, the inhibitory GTP-binding protein (Jakobs et al., 1978 (Jakobs et al., , 1982 . GTP-binding proteins (Gproteins), including Gp, are apparently present in every cell type, and are well known to serve as transducers for specific membrane receptors to intracellular effectors such as adenylate cyclase and phospholipases A2 and C (Casey & Gilman, 1988; Neer & Clapham, 1988) . Much evidence indicates that thrombin receptors are coupled to G-proteins which modulate adenylate cyclase (Aktories & Jakobs, 1984) and phospholipase A2 (Fuse & Tai, 1987; Nakashima et al., 1987a,b; Crouch & Lapetina, 1988; Kajiyama et al., 1989; Murayama et al., 1990a,b) activities in human and rabbit platelets. The G-proteins are heterotrimers consisting of a, , and y subunits. Recently, it has become clear that there are a number of a subunits, and it has been suggested that this diversity of a subunits is responsible for the specificity of transduction to different effectors (Casey & Gilman, 1988; Neer & Clapham, 1988) . It remains to be determined whether involvement of G-proteins is linked to the ability of NA to release arachidonic acid (AA).
With this background, the present studies were designed to address two aspects of the regulation of NA-stimulated phospholipase A2 activity in rabbit platelets: (a) to determine whether NA-stimulated AA release is, like thrombin-stimulated AA release, mediated by G-proteins, and if so, (b) to determine whether the G-proteins that couple a2-adrenergic receptors are the same as those that couple thrombin receptors. The effects of anti-GO and anti-Gi antisera and purified Go and Gi proteins on receptor-stimulated AA releases were tested. The results provide evidence that signals from ac2-adrenergic receptors and thrombin receptors are transduced by different G-proteins to phospholipase A2.
MATERIALS AND METHODS Materials
NA, clonidine, phenylephrine, yohimbine, prazosin, propranolol, human a-thrombin and GTP were purchased from Sigma. Guanosine 5'-[y-thio]triphosphate (GTP [S] ) was from Boehringer. Indomethacin was kindly given by Redary Corp. [5,6,8,9,11,12,14,15-3H] AA Ci/mmol) was purchased from Amersham Corp. Pertussis toxin, purified from a 2-day culture supernatant of Bordetella pertussis, was generously given by Kaken-seiyaku (Kyoto, Japan). Purified pig Go and Gi were prepared by the methods of Katada et al. (1986) . Anti-GO and anti-Gi antisera, which were obtained from mice immunized with Kajiyama et al., 1989; Murayama et al., 1990a,b) , and were of analytical-reagent grade.
Isolation of rabbit platelets and prior radiolabelling Blood (60 ml) was obtained from male albino rabbits weighing 2-3 kg. Blood was mixed with 0.2 vol. of ACD buffer (71 mmcitric acid, 85 mM-trisodium citrate, 111 mM-dextrose, pH 5.5) to prevent coagulation. Platelet-rich plasma was obtained by centrifugation at 150 g for O min, and platelets were prepared by Sepharose 2B chromatography and centrifugation at 1500 g for 10 min at room temperature in a modified Tyrode-Hepes buffer (134 mM-NaCl, 12 mM-NaHCO3, 2.9 mM-KCl, 0.34 mMNa2HPO4, I mM-MgCI2, 10 mM-Hepes, 5 mM-glucose, 0.3 % BSA, pH 7.4). Platelets were incubated for 2 h at 30°C with [3H]AA (5 ,tCi/ml) in the presence of M-indomethacin and then washed with 2 x 20 ml of the Tyrode-Hepes buffer.
Digitonin treatment
The [3H]AA-labelled platelets were incubated for 10 min at 30°C with 10 1uM-digitonin. To avoid platelet aggregation, 5,uMindomethacin and 10 units of aprotinin/ml were added. This treatment was terminated by dilution with 10 ml of the TyrodeHepes buffer. The platelet pellet was prepared and washed twice by centrifugation at 1500 g for 10 min at 10 'C. Go and G, were purified from pig brain by the methods of Katada et al. (1986) . Fig. 3(b) shows the Coomassie Blue staining patterns on SDS/PAGE of purified G. and Gi protein preparations. Anti-GO and anti-G, antisera were prepared from BALB/c mice injected with pig brain G. or Gi intraperitoneally as described previously (Kitamura et al., 1989) . The specificity and the cross-reactivity of the antisera used are shown in Fig. 3a .
The crude membranes of pig brain containing Go and-G, (Fig.   3a) or rabbit platelet membranes (Fig. 7) were separated by SDS/PAGE, and then electrophoretically transferred from slab gel to GVHP membranes (Millipore Corp.) . After the transblotting, the membranes were incubated with phosphate-buffered saline containing 1% BSA at 4°C overnight to block nonspecific protein binding. The membranes were incubated with the same buffer containing the antiserum (anti-GO or anti-G1) at room temperature for 3 h. After being washed with phosphatebuffered saline, the membranes were incubated with second antibody diluted 1:500 (affinity-purified goat anti-mouse IgG, horseradish peroxidase-conjugated; Bio-Rad) in the buffer containing 1 % BSA for 2 h. After washing with the buffer, 0.6 mg of4-chloro-I -naphthol/ml and 0.02 % H202 in 10 mM-Tris buffer (pH 7.4) were then added. The protein bands that cross-reacted with antisera against the subunits of G-proteins could be visually detected after 3-5 min at room temperature, and then the membranes were washed with water to prevent the peroxidase reaction. Anti-G. antiserum reacted with a subunit (Lx3) and , subunits of Go. Anti-G, antiserum reacted with a subunit (a4d) and , subunits of G, (Fig. 3a) . Data by indomethacin (results not shown). These results indicate that the effect of NA in rabbit platelets is mediated via a2-adrenergic receptors, as in human platelets (Sweatt et al., 1985 (Sweatt et al., , 1986a Banga et al., 1986 ).
Interaction of pertussis-toxin-sensitive G-proteins with a;-adrenergic receptors and phospholipase A2 Various studies, including some from our laboratory, suggest that G-proteins are involved in activation of phospholipase A2 (Fuse & Tai, 1987; Nakashima et al., 1987a,b; Crouch & Lapetina, 1988; Kajiyama et al., 1989; Murayama et al., 1990a,b) . To determine whether or not G-proteins are involved in NAstimulated AA release, the platelets were incubated with digitonin to permeabilize plasma membranes, and then the effects of NA or GTP analogues in the presence of Ca2+ were examined (Fig. 2) Since the results mentioned above suggested the involvement of the G-proteins in NA-stimulated AA release, the effect of pertussis toxin was investigated. It has been reported that pertussis toxin catalysed the ADP-ribosylation of certain Gproteins of platelets, decreasing their ability to couple thrombin receptors to effector proteins such as adenylate cyclase (Aktories & Jakobs, 1984) or phospholipase A2 (Nakashima et al., 1987a,b; Kajiyama et al., 1989) , and to couple a2-adrenergic receptors to adenylate cyclase (Jakobs et al., 1978 (Jakobs et al., , 1982 . In our phospholipase A2 assay system using permeabilized platelets, pertussis toxin blocked not only thrombin-but also NA-stimulated [3H]AA Table 1 . Pertussis toxin inhibits thrombin-and NA-stimulated I3HIAA release The labelled platelets were treated with 10 /SM-digitonin plus 100 /LM-NAD+, 1 mM-ATP, 10 mM-thymidine and 10 mM-dithiothreitol in the absence (Control) or presence (Pertussis-toxin-treated) of 1 ,ug of pre-activated pertussis toxin/ml for ADP-ribosylation of membrane proteins, and then assayed for [3H]AA release as described in the Materials and methods section. The assay mixture was further supplemented with 1 unit of thrombin/ml, 10 ,uM-NA and/or 10 /M-GTP [S] . The data are means + S.E.M. from four separate experiments: * Effect of pertussis toxin was significant (P < 0.01).
[ Effects of anti-GO and anti-G; antisera
We next tested the capability of anti-G-protein antisera to modulate the phospholipase A2 activity. Fig. 3(b) shows the Coomassie Blue staining patterns after SDS/PAGE of purified Go and GV. Our preparation of Gi in this study is thought to be Gil because the Mr of the ax subunit of Gi was 41000. The specificities of two antisera are shown in Fig. 3(a) . Anti-Go antiserum reacted specifically with a subunit (ax9) of G., and anti-G, antiserum reacted with a subunit (a4l) of G,, whereas two antisera both recognized fi subunits (8l35.36) in immune blots of (a) Vol. 270 In contrast, no inhibition was observed by anti-G, antiserum.
As illustrated in Fig. 4(a of the antiserum/ml respectively. Fig. 4(b) shows that anti-G, antiserum completely inhibited the NA-stimulated AA release. In contrast, the release by thrombin was slightly inhibited by 60,g of anti-Gi antiserum/ml. Control serum was ineffective in both cases. Therefore it seems likely that the G-proteins coupled Anti-G. antiserum (pl/mi) Anti-G, antiserum (pi/ml) Fig. 4 To examine selective coupling of the purified Go and Gi with phospholipase A2, reconstitution of pig brain G1 or Go with the ADP-ribosylated platelet membranes was carried out. In the ADP-ribosylated membranes prepared from platelets pretreated with pertussis toxin and digitonin, the thrombin-and NAstimulated AA releases were markedly decreased compared with that of the control membranes, as shown in Table 1 . When Go was reconstituted with pertussis-toxin-treated membranes, the effect of GTP was slightly increased and the effect of thrombin plus GTP was markedly increased (Fig. Sa) . The maximal stimulation of these reactions was elicited by addition of Go in an amount 80 % to the maximal stimulation by thrombin in control (non-treated) membranes without Go. On the other hand, when G1 was reconstituted with pertussis-toxin-treated membranes, the effects of GTP and thrombin plus GTP were increased only a little (Fig. Sb) . However, addition of various amounts of G, to the pertussis-toxin-treated membranes restored the NAstimulated AA release in a dose-dependent manner (Fig. 6b) .
When Go was reconstituted with pertussis-toxin-treated membranes, the effect of NA plus GTP was increased slightly (Fig.   6a ). Addition of Go or Gi to the control membranes slightly increased the AA release induced by GTP in the absence of receptor stimulants, and the receptor-stimulated reactions induced by thrombin and NA in the presence of GTP.
G-proteins in platelet membranes
The ability of the two antisera against pig brain G-proteins to achieve recognition of proteins within platelet membranes by immunotransfer blotting after SDS/PAGE is illustrated in Fig.  7 . In this experiment, crude platelet membranes were incubated with 0.5 % cholate (lane 1) and interfere with immunoblotting. This brief cholate treatment decreased the total pertussis-toxin substrates by about 30-40 % (results not shown), but enabled detection of ac subunits of G-proteins in immunoblotting, but lost ,8y subunits from platelet membranes. Anti-Gi antiserum recognized 41 kDa protein(s) specifically (Fig. 7a) . Anti-G. antiserum recognized two bands, of 41 kDa and 40 kDa (Fig. 7b) . This result shows the existence of two GO-like proteins which were recognized by anti-G.
antiserum in rabbit platelet membranes. 
M2-adrenergic-receptor-mediated GTP-dependent activation of phospholipase A2 in permeabilized platelets
The known receptor-coupled events ofa2-adrenergic receptors in platelets are stimulation of the Na+/H+ antiporter (Sweatt et al., 1985 (Sweatt et al., , 1986a , inhibition of adenylate cyclase mediated by Gi (Jakobs et al., 1978 (Jakobs et al., , 1982 and stimulation of phospholipase A2 (Banga et al., 1986; Sweatt et al., 1986a,b) . Authi et al. (1986) reported that the elevation of intracellular free Ca2+ concentration by inositol 1,4,5-trisphosphate, a product of the hydrolysis of phosphoinositides by phospholipase C, stimulated AA release. To assess whether phospholipase A2 stimulation might provide a mechanism for liberation of AA in response to thrombin or NA, we studied the effects of phospholipase inhibitors and the production of lysophospholipids. First, a phospholipase C inhibitor of phosphoinositide hydrolysis (neomycin) and a diacylglycerol lipase inhibitor (RHC 80267) did not decrease receptor-stimulated AA release (Kajiyama et al., 1989) . Even if the reaction mixture contained a cyclo-oxygenase inhibitor, indomethacin, NA and thrombin stimulated AA release (results not shown). These data suggest that the release is not catalysed by the sequential actions of those enzymes. Second, 3-6 % of the radioactive phosphatidylcholine, not phosphatidylinositol, was decreased and the equivalent amount of lysophosphatidylcholine was increased during a short-term incubation of the labelled platelets with thrombin (Murayama & Ui, 1987; Nakashima et al., 1987b) . With NA stimulation, phosphatidylinositol was hydrolysed and lysophosphatidylinositol was accumulated, in addition to the hydrolysis of phosphatidylcholine (results not shown), as previously reported by Sweatt et al. (1986a,b) . It is considered that NA stimulates phospholipase A2 directly via a2-adrenergic receptors, like the stimulatory and inhibitory effects of NA on Na+/H+ exchange and adenylate cyclase systems. The difference of original phospholipids may contribute to the involvement of distinct G-proteins in thrombin-stimulated and NA-stimulated phospholipase A2 activation, as discussed below.
In rabbit platelets, NA stimulated AA release via a2-adrenergic receptors (Fig. 1) . In our experiments using permeabilized platelets or plasma membranes, addition of NA induced AA release directly in a GTP-dependent manner (Fig. 2) . In permeabilized platelets, NA-stimulated and GTP-dependent AA release was inhibited by the ADP-ribosylation of G-proteins by pertussis toxin (Table 1) . These results strongly suggest that pertussis-toxin-sensitive G-proteins are involved in a2-adrenergic-receptor-stimulated AA releases.
Effect of anti-GO and anti-G; antisera on NA-and thrombinstimulated AA release
The G-proteins coupled to a2-adrenergic receptors and to thrombin receptors were both substrates for pertussis-toxincatalysed ADP-ribosylation. However, G-proteins for two receptor types were apparently different in the following two respects. First, reactivities to two antisera, anti-G. and anti-G1,
were not identical for G-proteins coupled to a2 receptors and thrombin receptors (Fig. 4) . Anti-G. antiserum effectively decreased both NA-and thrombin-stimulated AA releases. As shown in Fig. 4(a (Fig. 4b and Table 2 ).
Vol. 270 The mouse antisera used in the present studies were raised against pig brain pertussis-toxin substrates (Fig. 3) . Anti-G1 antiserum reacted with a subunit (az4) of G1, but not with a subunit (a.9) of G.. Anti-G. antiserum reacted with a39 of G., not with a4l of Gil As wide cross-reactivity of antibodies raised against a and fly subunits among different species and tissues has been reported (Roof et at., 1985; , the antisera could probably cross-react with G-proteins present in rabbit platelets (Fig. 7) . GTP[S]-and AIF4--stimulated AA releases were not inhibited by anti-G1 antiserum, and the inhibition of guanine-nucleotide-or fluoride-stimulated AA releases by anti-Go antiserum was relatively smaller than the receptor-mediated release in our experiments (Table 2) There are reports that the membrane (Kim & Neubig, 1987; Kitamura & Nomura, 1987) and purified (Cerione etal., 1986) a2-adrenergic receptor, purified muscarinic receptor (Haga etal., 1985; Kurose et al., 1986) , the membrane chemotactic-peptide receptor (Kikuchi et al., 1986) and purified ,u opioid receptor (Ueda et al., 1988) were reconstituted with purified Go and Gi. In many cases, the efficiency of these two G-proteins is equal (Cerione et al., 1986; Kikuchi et al., 1986; Kim & Neubig, 1987; Ueda et al., 1988 These results presented here clearly indicate that at least two different G-proteins are involved respectively to couple functionally the thrombin receptor anda2-adrenergic receptor to the phospholipase A2. In fact, the antiserum against G, (probably G,1) reacted with the a41 subunit of G,, and the antiserum against Go reacted with two G-proteins ( c x 4 1 anda40), at least in rabbit platelet membranes (Fig. 7) . However, it cannot be concluded which transducer, Go or G,, may be involved in vivo in this coupling in rabbit platelets. The amount of Go or Gi used in our experiments was 0.1-0.2 4UM, a concentration much higher than usual for reconstitutions (Cerione et al., 1986; Kurose et al., 1986; Kitamura & Nomura, 1987; Ueda et al., 1988 (Nagata et at., 1988 The precise mechanism of G-proteins to control the phospholipase A2 activity remains to be established. Although it is generally agreed that G-proteins have three subunits (a. 89 y), the role of subunits in which phospholipase A2 is regulated is not determined. In the photoreceptor system, the fly subunits have been proposed to be stimulatory in phospholipase A2 (Fung, 1983; Jelsema & Axelrod, 1987) , and the fly subunits activated the muscarinic K+ channel in heart (Logothetis et at., 1987) . As shown in Fig. 3 , both anti-Go and anti-G1 antisera reacted not only with a subunits but also with fi subunits. It is suggested that the fly subunits of G-proteins, including Go and Gi, are the same polypeptide or share a common antigenic determinant(s) (Casey & Gilman, 1988; Neer & Clapham, 1988) .
If stimulation of phospholipase A2 activity in platelets was mediated by the fly subunits of G-proteins, as in rod outer segments, the antisera used in our experiments could inhibit both x2-adrenergic and thrombin-receptor-stimulated AA releases.
However, the result is that the AA releases by two types of receptor stimulant were blocked by different antisera. In addition, anti-fly antiserum directed against the pig brain fly subunits of G-proteins did not inhibit basal and receptor-mediated GTPdependent AA releases from rabbit platelets (results not shown). An important step for future study will be to identify the roles of subunits.
